Background: While previous studies have reported on the prognostic value of total plasma cell-free deoxyribonucleic acid (cfDNA) in lung cancers, few have prospectively evaluated its predictive value for systemic therapy response.
introduction
Circulating cell-free deoxyribonucleic acid (cfDNA) has been studied as a potential biomarker in cancer patients for over 30 years [1] . Compared with normal controls, higher levels of cfDNA are observed in cancer patients due to a variety of mechanisms including tumor cell necrosis, apoptosis, and macrophage digestion with resultant release of tumor DNA fragments into the circulation [2] [3] [4] , potentially reflective of total underlying tumor burden [5] . Research interests in cfDNA as a cancer biomarker have rapidly increased in recent years, owing to recent advances in molecular technology to detect tumor cfDNA at very low concentrations and the growing need for noninvasive blood biomarkers to guide personalized cancer treatments [5] [6] [7] .
Studies on total cfDNA in lung cancers over the past decade have largely focused on its diagnostic and prognostic values [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Only three studies examined the predictive value of total cfDNA for response to chemotherapy as a means of treatment monitoring [11, 20, 21] . Due to their mixed results, independent validation by a large prospective study has been called upon by the previous investigators [11, 20] . As total cfDNA was thought to be potentially reflective of underlying tumor burden, and given its short half-life of ∼16 min [22] , we hypothesized that it may be used clinically as a predictive biomarker to monitor response to systemic therapy over time. We conducted a prospective biomarker study to determine whether changes in total plasma cfDNA over time have predictive value for radiologic response on computed tomography (CT).
patients and methods

study design and patients
We conducted a prospective, Institutional Review Board approved biomarker protocol at Memorial Sloan-Kettering Cancer Center (MSKCC IRB #02-111) with the primary objective of evaluating the predictive value of changes in plasma cfDNA for response to systemic therapy in patients with advanced non-small-cell lung cancer (NSCLC). Secondary objectives included evaluating the predictive and prognostic values of baseline cfDNA and changes in cfDNA for progression-free (PFS) and overall survival (OS).
Eligible patients had pathologically confirmed stage IIIB or IV NSCLC, measurable disease per Response Evaluation Criteria In Solid Tumors version 1.0 (RECIST v1.0), a Karnofsky performance status of 70% or greater scheduled and were scheduled to begin systemic therapy.
Given our hypothesis that changes in cfDNA would correlate with total tumor burden regardless of the type of systemic agents used, there were no restrictions on the choice of systemic therapy for the overall analysis. These included platinum and nonplatinum-based chemotherapy, bevacizumab and/ or tyrosine kinase inhibitors as commonly administered in clinical practice. Patients undergoing radiotherapy, vaccines, or immunomodulatory agents were excluded.
CT scans were used for response assessments by RECIST v1.0. CT scans were performed at baseline and 6-12 weeks after initiation, then repeated every 6-12 weeks. Patients were followed for PFS and OS analysis. Paired blood collections were done at baseline within 4 weeks of baseline CT, and at first response assessment within 3 weeks of the first follow-up CT.
plasma cfDNA collection, measurement and storage Blood was collected in CPT™ tubes containing sodium citrate gel, FicollHypaque density fluid, and a polyester gel barrier, kept on ice, and processed within 1 h of collection. Tubes were spun at 1650 relative centrifugal force for 20 min at room temperature. Plasma was removed without disturbing the mononuclear cell layer, transferred to cryovials labeled with an anonymous code, and frozen at −80°C. Plasma was shipped in batches on dry ice to laboratory collaborators at the University of Southern California for measurement of cfDNA. DNA was isolated through digestion, extraction, and precipitation using similar methods described by Kawakami et al. [23] . For each specimen, 2 ml of plasma plus 1 µl of Salmon Sperm DNA (10 mg/ml, Life Technologies, Inc., Gaithersburg, MD) were digested at 59°C with an equal volume of 1% sodium dodecyl sulfate containing a 50-µl aliquot of proteinase K (Life Technologies, Inc., Rockville, MD). Wizard DNA purification resin (Promega Corp., Madison, WI) was used with elution volume of 40 µl. Precipitation was performed at −20°C for 60 min, and the extracted DNA measured using quantitative PCR of the β-actin gene performed in triplicates [9] .
statistical analysis
The primary end point of the study was the association between changes in cfDNA and radiologic response to systemic therapy. Radiologic response was quantified by sum of longest diameter of measurable target lesions (SLD) by RECIST v1.0. Percent changes in total cfDNA levels from baseline to first follow-up measurement were evaluated for association with standard RECIST v1.0 response categories progression of disease (POD), stable disease (SD), and partial response (PR). Group differences were assessed using Kruskal-Wallis tests. In addition, given the heterogeneity of tumor growth and regression within SD, changes in cfDNA were correlated with radiologic response as continuous variables, using Spearman's rank correlation coefficient. We also analyzed this correlation within subgroups based on the type of therapy patients received, including cytotoxic chemotherapy alone and others such as molecularly targeted agents or antiangiogenic agents which may have cytostatic properties or theoretically alter the release of cfDNA.
Secondary end points included any associations between baseline cfDNA or changes in cfDNA with PFS and OS in patients previously untreated for advanced NSCLC. For OS, patients were followed until the date of death from any cause. For PFS, patients were followed until the date of radiologic disease progression or death. Patients who experienced radiologic progression at the time of first follow-up scan were excluded from analysis evaluating association of percent change in cfDNA and PFS. Patients who did not experience the event of interest by the end of the study were censored at the time of the last available follow-up. The association of PFS and OS with baseline cfDNA and percent change in cfDNA were analyzed by Cox regression models and hazard ratios (HRs) were estimated along with 95% confidence intervals (CIs) and P values. A log-transformation was applied to the cfDNA values to minimize the effects of extreme values on the estimation of the HRs. Kaplan-Meier curves were also plotted to explore the association of PFS and OS with baseline cfDNA dichotomized at the median and the difference between groups were assessed by the log-rank test.
results
A total of 182 patients completed both baseline CT scan and blood collection, and 103 had completed a paired follow-up blood collection and CT scan for first radiologic response assessment. Enrollment and specimen attrition are reported in the consort diagram (supplementary Figure S1 , available at Annals of Oncology online). Missed or delayed collections occurred for reasons of patient inconvenience and practical feasibility, compounded by the need to process blood specimens including by centrifugation and isolation of plasma at a research laboratory in a timely manner. The characteristics of 103 patients who had both baseline and follow-up CT scan with paired blood collections are reported in supplementary Table S1 , available at Annals of Oncology online. The vast majority of patients (98%) underwent first-line systemic therapy, one patient underwent second-line chemotherapy, and another patient underwent thirdline chemotherapy. The systemic therapy agents used included chemotherapy alone for 59 patients (57%), chemotherapy plus bevacizumab for 7 patients (7%), molecularly targeted therapy alone including tyrosine kinase inhibitors for 17 patients (17%), and chemotherapy plus erlotinib or gefitinib in 20 patients (19%).
Median baseline level of total cfDNA was 7.0 ng/ml (range 0.2-5128 ng/ml). Of the 103 patients who completed both baseline and first follow-up CT and plasma cfDNA, the median level of cfDNA in plasma at the first follow-up evaluation was 11 ng/ ml (range 1.1-14 451 ng/ml), with the median percent change from baseline of +64% (range −100% to +128 000%). Eleven were scored as having POD, 77 were scored as having SD, and 15 were scored as having PR at first response assessment. Median percent change in plasma cfDNA was +60% for POD, +80% for SD, and −12% for PR with no significant differences between radiologic response categories (P = 0.10 by KruskalWallis test). A graphical representation of pre-and postsystemic therapy levels of cfDNA, log transformed and categorized by radiologic response, is presented in Figure 1 . Median baseline cfDNA level was not significantly different between systemic response categories, 7.6 ng/ml for POD, 6.4 ng/ml for SD, and 8.4
ng/ml for PR (P = 0.45). Using radiologic response as a continuous variable, there was a weak monotonically increasing relationship between percent change in cfDNA levels and percent change in SLD [Spearman's correlation coefficient (r) = 0.21, P = 0.03, Figure 2 ]. When stratified by the type of systemic therapy, this weak correlation remained significant for patients who received cytotoxic chemotherapy alone (N = 59, r = 0.30, P = 0.02), but not other agents (N = 44, r = 0.14, P = 0.37) (supplementary Figure S2 , available at Annals of Oncology online). Survival analysis was performed on 101 patients who were previously untreated for advanced NSCLC and had completed a discussion This is the largest prospective study evaluating the predictive value of changes in total plasma cfDNA for radiologic response to systemic treatment in patients with advanced NSCLC. We have found that changes in total cfDNA did not demonstrate a strong correlation with radiologic response, PFS or OS. While we observed a general trend for cfDNA to rise with progressive cancer and fall with PR, the specific measurements of cfDNA were highly variable and weakly associated with radiologic response at best. The results of the first and largest study investigating the predictive value of cfDNA were published in the Journal of Clinical Oncology in 2004 by Gautschi et al. [11] . In a series of 91 patients with NSCLCs across different stages, tumor progression after chemotherapy was significantly associated with increasing plasma cfDNA concentrations. However, there were no significant decreases in total plasma cfDNA in patients who had radiologic response to chemotherapy, prompting the authors to question the reliability of cfDNA for response prediction and treatment monitoring [11] . In contrast, smaller studies by Kumar et al. [20] and Pan et al. [21] have shown significant decreases in total plasma cfDNA in patients who had radiologic response to chemotherapy, however in both studies changes in cfDNA were not able to differentiate patients with SD from those with progressive disease [20, 21] .
A review of the clinical characteristics of patients with the largest discrepancy between plasma cfDNA and radiologic response, including age, gender, smoking, and histology failed to identify any patterns to explain these discrepancies. In one patient, one of the highest baseline levels of plasma cfDNA was coincident with a talc pleurodesis for a malignant pleural effusion, and then fell dramatically at the second plasma collection even though the cancer was clearly growing on CT scan. Total cfDNA is likely a nonspecific marker of tissue damage or inflammation, potentially originating from tumor cells, stromal cells, and inflammatory cells, and thus integrating characteristics of tumor, host, and the tumor-host interaction. One example of this is the observation that levels of cfDNA can be up to 10 times higher in serum compared with plasma as measured by quantitative RT-PCR, theoretically due to release of DNA from mononuclear cells in the blood specimen during the clotting process [24] . Several independent studies have consistently found a correlation between serum cfDNA and inflammatory markers such as serum lactate dehydrogenase [11, 16] . A recent study by Nygaard et al. found no significant association between plasma cfDNA and metabolic tumor volume on positron emission tomography, suggesting its lack of specificity for total tumor burden [19] .
Previous studies evaluating the association of total cfDNA with response observed similarly inconsistent results reflecting its lack of tumor specificity [11, 20, 21] . Gautschi et al. [11] found significant increases in plasma cfDNA but no change in serum cfDNA in patients with POD; and no change in plasma cfDNA but significant decreases in serum cfDNA in patients who had a PR or SD. Kumar et al. was not able to use changes in cfDNA to distinguish patients with SD from POD [20] , whereas Pan et al. showed no significant change in cfDNA in patients with POD [21] . These historical studies differed from ours as none of the others used cfDNA levels and radiologic response as both categorical and continuous variables. While we were able to produce statistically significant results depending on the statistical methods used, our overall findings suggest that total cfDNA cannot be used clinically now as a reliable predictive or prognostic biomarker. Nevertheless, the results of our prospective study confirm the suspicions by Gautschi et al. [11] that, despite their statistically significant results, changes in total cfDNA are not reliable for treatment response prediction, due to its low specificity for overall tumor burden.
This analysis was potentially limited by the fact that transportation, handling, and storage of samples may have affected cfDNA levels through variable release of DNA from mononuclear cells in the blood sample, or degradation during storage [24, 25] . Furthermore, we failed to collect and process blood specimens in many patients enrolled on this prospective study (see supplementary Table S1 , available at Annals of Oncology online). To account for these, all blood samples were processed in the same location by trained technicians, and all samples were ordered to be processed within 1 h of collection. Owing to the strict protocol used, contamination by spurious results is unlikely. The wide ranges of cfDNA levels encountered are consistent with experiences from previous studies [12, 17] . We have excluded collections delayed more than 3 weeks from the paired CT, which is a typical time period for a cycle of chemotherapy. This time discrepancy of up to 3 weeks may theoretically be a source of bias given the short half-life of cfDNA. However, for total cfDNA to be clinically useful, it needs to accurately predict response seen on CT while allowing a practical window of flexibility for blood collections. The limitations encountered during this study emphasize the importance of practical considerations when developing a blood biomarker. In order to be generalizable to routine practice, blood biomarkers should be easy to obtain, with minimal processing, ideally handled by the clinical laboratory at room temperature, and not subject to variability in processing.
In conclusion, this prospective study demonstrated that changes in total plasma cfDNA were not a sufficiently reliable predictive biomarker in treatment monitoring for patients with advanced NSCLC, likely due to its low specificity for total tumor burden. Future research efforts in plasma cfDNA should be directed at tumor-specific genomic alterations, such as EGFR [26, 27] and KRAS [28, 29] and other alterations now possible due to the expanded capabilities of next-generation sequencing [30] . Pilot studies identifying EGFR T790M and other biomarkers as 'liquid biopsies' in the blood with high sensitivity and specificity are now being evaluated to signal the onset of treatment-related resistance and need for therapy switch long before clinical progression is evident by CT [6, 31, 32] . These advances in technology may increase the tumor specificity of cfDNA and fulfill its long awaited potential as a blood biomarker to improve personalized cancer therapy for patients suffering from lung cancers. 
